Development of REBCO Superconducting Transformers with Current Limiting Function  by Tsutsumi, Tomoaki et al.
 Physics Procedia  36 ( 2012 )  1115 – 1120 
1875-3892  © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors. 
doi: 10.1016/j.phpro.2012.06.186 
Superconductivity Centennial Conference 
Development of REBCO superconducting transformers with 
current limiting function 
Tomoaki Tsutsumia,*, Akira Tomiokaa, Masataka Iwakumaa, Hiroshi Okamotob, 
Yoshihiro Goshob,Hidemi Hayashib, Yasuhiro Iijimac, Takashi Saitoc, Takeshi 
Ohkumad, Akihiko Tagomorid, Teruo Izumid, Yuh Shioharada* 
aReserch Institute of Superconductor Science and Systems, Kyushu University, 744 Motooka, Nishi-ku,  Fukuoka 819-0395, Japan 
bKyushu Electric Power Co., Inc., 2-1-47 Shiobaru, Minami-ku, Fukuoka 815-8520, Japan 
cFujikura Ltd., 1-5-1 Kiba, Koto-ku, Tokyo 135-8512, Japan 
dInternational Superconductivity Technology Center, ISTEC, 1-10-13 Shinonome, Koto-ku, Tokyo 135-0062, Japan 
 
Abstract 
RE1Ba2Cu3O7-G(RE: Rare Earth, Y, Gd and so on, REBCO) superconducting tapes have high performance in critical 
current density, Jc, property even in high magnetic field and at liquid nitrogen temperature. We have proposed the ac 
loss reduction method of REBCO superconducting tape, which are the combination of a laser–scribing into a 
multifilamentary structure and a special winding process. Using the ac loss reduction technique, we could realize 
REBCO superconducting transformers with the advantage of light weight, compactness and high efficiency in 
comparison to conventional one. Further we aim to add a current limiting function to REBCO superconducting 
transformers. Recently we manufactured a 10kVA four-winding transformer with REBCO tapes. We carried out a 
sudden short circuit test and investigated the response against the fault excess current. We developed a numerical 
analysis program so as to quantitatively simulate the phenomena taking into account of a flux-flow resistance. As a 
result, it was shown that the whole of the REBCO winding did not shift to normal state even though the current 
exceeded the critical current all over the length. In this paper, we report the outlines. 
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1. Introduction 
We are developing a superconducting transformer with a current limiting function using REBCO 
superconducting tapes as a national project. For that, it is necessary to quantitatively investigate the 
response of REBCO superconducting windings against the fault excess current over the critical current. 
Therefore we designed and fabricated a 10kVA transformer using REBCO superconducting tapes which 
was operated in liquid nitrogen at 64 to 77 K. We carried out usual performance test and a sudden short 
circuit test. In this paper, we report the result. 
2. Design and Fabrication 
Table 1 Parameters of REBCO superconducting transformer 
Capacity 10kVA 
Voltage (Primary/Secondary) 393.6V/393.6V 
Current (Primary/Secondary) 25A/25A 
Load 12Ω 
Layer number of each winding 6 
Turn number of each winding 50turn × 6 layers = 300 
1 turn voltage 1.312 
Size and process of tapes 
Main windings 
(Primary/Secondary) 
Auxiliary windings 
(Primary/Secondary) 
 
GdBCO by IBAD-PLD, Hastelloy 
(5mm × 0.11mm ×115.3m / 114.8m) 
YBCO by IBAD-MOD, Hastelloy 
(4.6mm × 0.13mm ×182.7m / 
5mm × 0.13mm ×73.3m) 
 
                 
Fig. 1. (a) Vertical cross-sectional view and dimensions and (b) photograph of a 10 kVA REBCO superconducting transformer 
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The parameters of the test transformer are listed in Table 1. The rated primary voltage was 393.6 V. 
The voltage ratio was 1:1. The capacity was 10 kVA. It had four windings [1]–[3]. The primary and 
secondary windings had auxiliary windings in addition to main ones. It was only for the individual 
measurement of the induced resistances due to excess current in the respective main windings. The 
vertical cross section of the transformer is illustrated in Fig. 1(a). The symbols of 1M and 2M represent 
the primary and the secondary main windings. 1A and 2A represent the primary and the secondary 
auxiliary ones. All the windings were coaxially arranged, and the primary auxiliary one was located in the 
outermost side and the secondary one was in the innermost side. The primary main winding was divided 
into two pieces, which were connected in series, and the secondary main one was put into them. Every 
winding had 6 layers and 300 turns. The electric circuit diagram is shown in Fig. 2(a). The main and 
auxiliary windings were connected in parallel in the both sides. The dimensions of the windings are also 
shown in Fig. 1(a). The main ones were both wound with GdBCO superconducting tapes fabricated by 
the IBAD-PLD process and the auxiliary ones were both wound with YBCO superconducting tapes by 
the TFA-MOD process [4], [5]. The self field critical current, IC0, of GdBCO tapes was purposely reduced 
down to around 30 and 65 A at 77 K for the primary and secondary main windings respectively for the 
sake of matching with the existing experimental equipment. Also, the primary and the secondary 
windings differed in IC0 of the GdBCO tapes in order to investigate the difference in quench behavior due 
to it. On the other hand, the self field critical current of YBCO tapes for the auxiliary windings was 95 to 
165 A.  
The iron core was composed of laminated thin silicon steel. Fig. 1(b) shows the photograph of the 
complete transformer. In advance, we checked of the adequacy of the design executing no load test, short 
test and load test.  
Table 2 Leakage reactance between windings 
Leakage Reactance Design Measurement 
ωLσ1’1(1A&1M) 2.49Ω 2.21Ω 
ωLσ1’2(1A&2M) 2.88Ω 2.80Ω 
ωLσ1’2’(1A&2A) 4.08Ω 4.02Ω 
ωLσ12(1M&2M) 0.28Ω 0.27Ω 
ωLσ12’(1M&2A) 0.84Ω 0.78Ω 
ωLσ22’(2M&2A) 1.07Ω 1.00Ω 
         
 
Fig. 2. (a) Electric circuit diagram and (b) equivalent circuit when the main windings quench of the 4-winding transformer 
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 The addition of the auxiliary windings made it possible to observe the produced resistances in the 
respective main ones individually as follows [1], [2]. When the main windings quench by fault excess 
current, the electric circuit as shown in Fig. 2(a) is converted to the equivalent circuit shown in Fig. 2(b) 
on the assumption of ωLσ1’1 << R1 and ωLσ22’ << R2, where ω is equal to 2πf, denoting frequency as f, Lσij 
is the leakage inductance between the windings of “i” and “j”, Ri is the resistance in the winding of “i”. 
Here the subscripts of 1 and 2 represent the primary and secondary main windings, and 1’ and 2’ 
represent the respective auxiliary ones. By observing the respective current, I, in the main and auxiliary 
windings, we can obtain the produced resistances in the main windings, R1 and R2, using the following 
equation, 
jωLσ1’1I1’ = R1I1  (1) 
jωLσ22’I2’ = R2I2  (2) 
The rated leakage reactances between the respective windings are listed in Table 2. 
 
3. Sudden Short Circuit Test 
During the usual load operation, we made the load suddenly short-circuited as a sudden short circuit 
test. For protection of the windings, ac power supply was automatically interrupted at 100 ms after the 
sudden short circuit.  
Fig. 3(a) and (b) show the observed main and auxiliary current waveforms in the primary and 
secondary windings respectively just before and after a sudden short circuit. Here V1 = 325 V. The main 
current abruptly increased immediately after short circuit and exceeded the critical current of the main 
winding. After that, the both main currents gradually decayed and short-circuit currents transferred to the 
auxiliary windings. We can see that the both auxiliary currents were also reduced by the large leakage 
reactance between the auxiliary windings. The reason why the secondary main current reduced to no less 
than 100 A at peak while the primary main current reduced to 60 A seems to be that IC0 of the GdBCO 
tape for the secondary main windings was larger than that of the primary main one. 
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Fig. 3. Observed (a) primary and (b) secondary current waveforms just before and after a sudden short circuit 
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Fig. 4 shows the theoretical short-circuit current induced in the main winding, which was calculated on 
the supposition of no current limiting function, in comparison to the actual primary main and auxiliary 
one. Here V1 = 325 V. We can see the fault current was reduced to around 1/30 by the produced resistance 
in the main windings. We also carried out a sudden short circuit test without the auxiliary windings. The 
results are shown in Fig. 5 in comparison to the case of 4windings. It was confirmed that the current 
waveforms of the main windings were almost the same as those in the case of 4 windings. 
We evaluated the induced resistance, R1 and R2, in the respective main windings due to the sudden 
short circuit using (1) and (2). R1 was larger than R2 corresponding to the difference in IC0. R1 and R2 were 
both almost proportional to the primary voltage V1. Here, assuming that the temperature of the main 
windings was equal to the critical temperature of the GdBCO tapes, TC = 90 K, we evaluated the ratio of 
the length of the induced normal zone to the total length in each windings. As a result, it was clarified that 
they were no more than 50% and 10% of the total tape length in primary and secondary sides respectively 
though I1 and I2 exceeded IC all over the length. 
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Fig. 4. Comparison between the theoretically calculated primary short-circuit current and the actual ones (Left-hand figure) 
Fig. 5. Primary current waveform in 4 windings and 2 windings just before and after a sudden short circuit (Right-hand figure) 
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Fig. 6. Induced resistances in the main windings due to fault excess current 
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4. Conclusion 
We designed and fabricated a 10 kVA REBCO 4-winding superconducting transformer. After usual 
performance tests, a sudden short circuit test was carried out. It was demonstrated that the REBCO 
windings performed a great current limiting function. And besides it was clarified that the induced normal 
zone length was almost proportional to the primary voltage and the whole of the windings did not shift to 
normal state though the fault current exceeded the critical current all over the length. We are trying to 
derive the physical model, e.g. flux-flow resistance etc., from the observed data and construct the circuit 
and thermal equations to numerically simulate the phenomena. Based on the results, we will design a 66 
kV–20 MVA superconducting transformer with a current limiting function, which is usual one without an 
auxiliary winding. 
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